In this work, we have reported the in-situ fabrication of nanocrystalline rhombohedral silicon carbide (15R-SiC) thin films by RF-magnetron sputtering at 800 C substrate temperature. The structural and optical properties were investigated for the films grown on four different substrates (ZrO 2 , MgO, SiC, and Si). The contact angle measurement was performed on all the substrates to investigate the role of interfacial surface energy in nucleation and growth of the films. The XRD measurement revealed the growth of (1 0 10) orientation for all the samples and demonstrated better crystallinity on Si substrate, which was further corroborated by the TEM results. The Raman spectroscopy confirmed the growth of rhombohedral phase with 15R polytype. Surface characteristics of the films have been investigated by energy dispersive x-ray spectroscopy, FTIR, and atomic force microscope (AFM) to account for chemical composition, bonding, and root mean square surface roughness (d rms ). The optical dispersion behavior of 15R-SiC thin films was examined by variable angle spectroscopic ellipsometry in the wide spectral range (246-1688 nm), including the surface characteristics in the optical model. The non-linear optical parameters (v 3 and n 2 ) of the samples have been calculated by the Tichy and Ticha relation using a single effective oscillator model of Wemple and Didomenico. Additionally, our optical results provided an alternative way to measure the ratio of carrier concentration to the effective mass (N/m*). These investigated optical parameters allow one to design and fabricate optoelectronic, photonic, and telecommunication devices for deployment in extreme environment. Published by AIP Publishing.
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I. INTRODUCTION
Silicon carbide (SiC) has a prodigious potential in harsh environment, extreme temperature, high-power, and highfrequency operation regime due to its exceptional physical and chemical properties, particularly its tunable wide bandgap (2.3-3.2 eV), excellent hardness (3800 MPa), high thermal conductivity (5 W/cm-C), polytypism, super plasticity, high critical breakdown field (5 Â 10 6 V/cm), and good chemical inertness. [1] [2] [3] [4] [5] [6] Due to these exceptional properties, SiC may outclass conventional semiconductor (Silicon:Si and Germanium:Ge) based devices, providing high power output and better thermal management. As a result, scientific fraternity across the globe has accepted this material as a potential candidate for various research and technological applications. These include microwave absorbers, high-frequency resonators, bioimaging probes, optoelectronics, integrated optics, radiation sensors, high-temperature gas sensors, spintronics, electron devices, very large scale integration (VLSI) technology, supercapacitors, and nano/micro electromechanical system (NEMS/MEMS) devices. [1] [2] [3] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Nowadays, optical properties of SiC thin films have attracted researchers' attention in many fields such as photodiodes, phototransistors, photoconductive switches, solar cells, extreme ultraviolet (EUV) reflectors, and astrophysics. [19] [20] [21] [22] [23] [24] The optical dispersion behavior of SiC thin films must be explored in depth to design and fabricate such optoelectronic and photonic devices, as the semiconductor materials are characterized by their unique complex dielectric functions.
A large number of publications have already been reported on the determination of the optical constants of different polytypes of SiC. [25] [26] [27] [28] [29] [30] [31] Kildemo 26 has done an exhaustive study on the optical properties of bulk SiC polytypes in the spectral range of 300-1100 nm and concluded that the dielectric function is strongly influenced by the polytypism. Further, Larruquert et al. 27 have probed the optical constants of amorphous SiC thin films by ellipsometry in the spectral range of 190-950 nm without considering the optical stack model, whereas Zollner et al. 29 have explored the dielectric properties of the commercially procured hexagonal SiC substrate by ellipsometry in the broad spectral range (188-1722 nm), including surface characteristics in the optical stack model. Recently, Qamar et al. 25 have studied the temperature (850-950 C) dependent optical dispersion behavior of sputtered 8H-SiC films in the spectral range of 350-900 nm. Hence, on the basis of available literature, we have concluded that there are still several key challenges such as polytypism, crystallinity, phase purity, surface characteristics, and broad spectral range pertaining to the a)
Author to whom correspondence should be addressed: ramesfic@iitr.ac.in investigation of the optical properties of SiC, which is not being addressed in detail. Additionally, the effect of substrate on the growth rate and optical properties of the 15R-SiC film have not been reported yet, since the surface energy of the substrate is a key parameter which plays an important role in the minimization of the free energy of the system, as a criterion for stabilities in the system and forward change in the growth process. So, it becomes quite interesting to study the tunability in optical and structural properties of 15R-SiC thin films grown on a variety of semiconductors and oxide substrates. The reason for choosing these substrates is to develop crystalline SiC films for diverse applications to cater for the need of cutting-edge technology.
Up to now, significant processes have been made in the growth of crystalline SiC films, with a special emphasis on the 6H-and 4H-and 3C polytypes, which require high substrate temperature (1000-1400 C), 3, [32] [33] [34] [35] [36] causing large residual stress, micro pinholes, and cracks, resulting in poor quality SiC thin films. 37 These defects are detrimental for device applications, and to overcome this 15R-SiC thin films are ideal candidates, as they can be grown at relatively low temperatures using RF-magnetron sputtering and have a tunable wide bandgap (2.8-3.1 eV), which may be useful to realize short wavelength emitter and detecting devices. Sch€ orner et al. 38 have also discussed the improved electrical properties of the 15R-SiC based MOS device over other polytypes. So, it becomes important to explore structural and optical properties of 15R-SiC thin films in detail.
The purpose of this work is to investigate the structural, optical, and dispersion energy parameters of nanocrystalline 15R-SiC thin films grown in-situ by RF-magnetron sputtering on four different substrates (Zirconia:ZrO 2 , Magnesium oxide:MgO, Silicon carbide:SiC, and Silicon:Si) using spectroscopic ellipsometry (SE) in the broad spectral range, accounting the surface characteristics (roughness and composition) in the optical stack model. Further, we have correlated the structural and optical properties of the samples under investigation.
II. EXPERIMENTAL
Highly nanocrystalline 15R-SiC thin films were fabricated on four different substrates, i.e., ZrO 2 , MgO, SiC, and Si, maintained at a temperature of 800 C by RF-magnetron sputtering, using a 99.99% pure commercial SiC target (50.8 mm dia. and 5 mm thick) as shown in Fig. 1 . The target is stacked in on-axis sputter-up configuration having 5 cm distance from the substrate. Initially, all the substrates were cleaned by the RCA procedure followed by an ultrasonic acetone clean for 15 min. The custom designed sputtering chamber (381 mm dia., in-house with Molybdenum (Mo)-heater) was initially evacuated with the help of a rotary pump (DUO 10M, PFEIFFER VACUUM, Germany) to a roughing pressure of 1 Â 10 À2 Torr and further backed by a turbo molecular pump (HIPace 700, PFEIFFER VACUUM, Germany) to a base pressure of 1 Â 10 À6 Torr. Before starting the sputtering process, cooling was provided to both gun and Mo-heater by employing chiller (CKL-20, ESCY Enterprises Pune, India). When the temperature of Moheater reached 800 C, the inert argon (Ar) gas (Sigma gases services, New Delhi, India) was blown into the sputtering chamber at a flow rate of 20 sccm controlled by a mass flow controller (mks PR4000B, mks Instruments Deutschland GmbH, Germany). Finally, the RF power source (Cesar 136, 600 W, 13.56 MHz, Advanced Energy, USA) was employed to establish the plasma. The optimized sputtering parameters are listed in Table I . After the deposition, the chamber remains into vacuum until the room temperature (RT) is achieved. The 15R-SiC thin films deposited at ZrO 2 , MgO, SiC, and Si are hereafter abbreviated as SiC@ZrO 2 , SiC@MgO, SiC@SiC, and SiC@Si, respectively.
The crystal structure and crystallinity of the representative samples were investigated using Grazing angle X-ray diffractometer (GAXRD) (D8 advance, Bruker, USA, with CuK a radiation (40 kV, 40 mA), k Cu ¼ 1.5406 A˚, step ¼ 0.02 , scan speed ¼ 1 s/step) at RT. The polytypism of the samples was investigated using Raman spectrophotometer (RE 04, Renishaw, UK) operating at an excitation wavelength of 514 nm (Argon laser). The transmission electron microscope (TEM) (TECNAI G2, 200 keV, FEI, USA) was employed to authenticate the crystallinity in the grown films. A field emission scanning electron microscope (FESEM) (Ultra Plus, 20 keV, Carl Zeiss, Germany), operated in the secondary electron mode, was used to measure the cross-sectional thickness of the grown films. Atomic force microscope (AFM) (NATEGRA Prima, NT-MDT Spectrum Instruments, Russia) having silicon nitride (Si 3 N 4 ) coated tip of pyramid type geometry, operated in tapping mode, was used to analyze the topography of the representative samples. The compositional analysis of the 15R-SiC films was done by an energy dispersive x-ray spectroscopy (EDX) fastened in FESEM. Fourier transform infrared spectroscopy (FTIR) (NICOLET 6700, Thermo Fisher Scientific, Germany) analysis was performed in the mid-IR range (4000-400 cm
À1
) to fingerprint the Si-C bond in grown films and data were processed using OMNIC v6.1 software. To measure the optical properties of the films, nondestructive, universally accepted and highly reliable method of determining optical dispersion parameters by using Variable angle spectroscopic ellipsometry (VASE) (J. A. Woollam M2000, J. A. Woollam Co., USA) at an angle of incident of 65 and operating in the spectral range of 246-1688 nm (step size: 1.5899 nm, spot size $3 mm) was employed. Figure 2 exhibits the XRD diffractogram of 15R-SiC thin films deposited on four different substrates, i.e., ZrO 2 , MgO, SiC, and Si. The XRD analysis reveals a single peak centered on 2h ¼ 35. 37 corresponding to the crystallographic orientation (1 0 10), which indicates the formation of single nanocrystalline SiC with a rhombohedral structure [Ref. JCPDS-ICDD no. 00-002-1042]. The highly ordered growth of the film along the crystallographic orientation (1 0 10) is due to minimization of surface energy for this plane under optimized deposition conditions. [39] [40] [41] Further, it has been observed that the full width at half maxima (FWHM) of crystallographic orientation (1 0 10) of the films changes with the change in substrates. This may be attributed to the different interfacial energies (i.e., surface energies) for different substrates. Moreover, the XRD diffractogram (Fig. 2 ) of the films deposited on Si and MgO substrates shows the lowest and highest values of FWHM (listed in Table II) for the crystallographic orientation (1 0 10), respectively, which indicates the variation in crystallite size and crystallinity of the films. The average crystallite size (t) of the representative samples was calculated using Scherer's formula 42 and is listed in Table II . Inset of Fig. 2 shows the FESEM crosssection image of the sample SiC@Si. It is difficult to measure the cross-sectional image for other samples, as the substrates on which they have been grown are hard enough and require a motorized cutting machine to cut them, resulting in a poor film-substrate interface, which is very hard to resolve using SEM. Further, SE is employed to determine the film thickness of all the samples (tabulated in Table II) and well corroborated with the FESEM result. We have found different average crystallite sizes and film thicknesses for the sample deposited on different substrates. The highest and smallest average crystallite size was found for the samples deposited at Si and MgO, respectively, and the film thickness has also followed the same trend. This may be explained with the help of the thin film growth mechanism, i.e., the thermodynamics of adsorption and the grain growth kinetics. Noticeably, as per the basic theory of nucleation and growth of thin films, an optimized minimum free energy leads to maximum number of nucleation sites. 43, 44 To validate this hypothesis, we have determined the surface energy of all the substrates, i.e., ZrO 2 , MgO, SiC, and Si using water contact angle measurement. As shown in Fig.  3 (a), the observed water contact angle (h w ) varies with the substrates. We have found highest and lowest h w values for the substrates MgO and Si, respectively. Wenzel 45 proposed a relation between h w and interfacial energies, i.e., solidliquid (c sl ), liquid-vapor (c lv ) and solid-vapor (c sv ) for rough surfaces given by the following equation: 
III. RESULTS AND DISCUSSION
where h w and r w are the water contact angle and the roughness factor, respectively. The surface energy of all the substrates was determined by using the Owens-Wendt and Wu method. 46, 47 It has been observed [ Fig. 3(b) ] that the surface energy c sv of all the substrates calculated by both methods follows the same trend. Highest and smallest c sv was found for Si and MgO substrates, respectively. In order to understand the physics of substrate-dependent growth of the 15R-SiC films, the growth rate r (ratio of film thickness to deposition time) and average crystallite size t in terms of c sv have been displayed in Figs. 3(c) and 3(d), respectively. It exhibits a linear dependence on c sv and concludes that there exists a trend in which average crystallite size and film thickness increase with an increase in substrate's surface energy. Further, a simple model (linear fit) can be developed to explain the obtained functional c sv -t and c sv -r relationship for 15R-SiC films and yields a good linear fit.
On the other hand, a close analysis of XRD diffractogram revealed a trivial shift in the XRD peak position of the 15R-SiC films fabricated on different substrates, which indicates the expansion or contraction of lattice corresponding to the left and right shift, respectively. These peak shifts may be ascribed to the presence of lattice strain in the samples. 43, 48 To gain further insight into structural properties, the lattice strain (e) of the 15R-SiC thin films was calculated using the formula [Eq. (2)] Table II , and it was found that d changes with the substrates used. The values of e are computed using the above relationship and summarized in Table II . The value of the lattice strain was found both positive and negative in our case, which indicates tensile and compressive nature of stress, respectively. 49 It is noticeable from Table II that there exists an inverse linear relationship between t and magnitude of e; i.e., the film having highest average crystallite size is the most oriented due to minimum lattice strain. Furthermore, TEM analysis was also performed to confirm the crystallinity as well as to determine the lattice parameters. We have prepared TEM sample of the 15R-SiC film deposited on the Si substrate only because TEM sample preparation for other substrates used in this article is very arduous, as they are very hard to grind and polish. The high resolution (HR) TEM and selected area electron diffraction (SAED) images are shown in Figs. 4(a) and 4(b) , respectively. The SAED image consists of three diffraction rings, confirming the crystalline behavior of the grown 15R-SiC thin film. These rings correspond to crystal orientations (1 0 10), (1 0 12), and (1 0 58). In addition, no diffraction ring was observed for the native oxide formed on the top of the grown film; this may be ascribed to its glassy nature. A characteristic interplanar spacing of 2.519 Å has been observed corresponding to the (1 0 10) crystallographic plane. Figures  4(c)-4(f) show the EDX spectra of the 15R-SiC thin films grown on various substrates. It reveals the presence of Si and C in the films having good stoichiometry. A little atomic percentage (<4%) of oxygen has been detected in all the samples, which indicate the presence of native oxide on the film surface. No other elements were detected as an impurity, which indicates the formation of high purity 15R-SiC thin films.
Raman spectroscopy is considered to be the most powerful tool to find out the useful information about the crystalline phases and quality, crystal symmetry, local lattice distortion, dislocation density, and the presence of impurity phases. 50, 51 Figures 5(a)-5(d) manifest the Raman spectra of 15R-SiC thin films grown on different substrates. It has been observed that all the samples show a typical 15R-SiC transverse optical (TO) phonon mode peak, located in the range of 750-800 cm À1 . 52, 53 Additional Raman peaks appearing at 571 and 580 cm À1 corresponding to the films grown on ZrO 2 and MgO substrates can be assigned to the fundamental Raman active longitudinal acoustic (LA) mode of rhombohedral phase of 15R-SiC as given in Table III . However, the shoulder peaks at 925 and 932 cm À1 for SiC and Si substrates match well with the longitudinal optical (LO) phonon mode of 15R-SiC. 52 A little shift in TO peak towards lower wavenumber for the film grown on MgO substrate is observed compared to ZrO 2 and Si substrates, which may be attributed to the increase in tensile strain for the film grown on MgO substrate. As, it is well known that the bond length between atoms decreases with either decreasing tensile or increasing compressive strain; consequently, the force constant and the vibrational frequencies increase. 49 This also indicates poor crystallinity of the film grown on MgO substrate, which is in good agreement with the XRD analysis. Additionally, sufficient broadening and reduction of the TO peak intensity of all the samples indicate the presence of various defects including lattice vacancies, local lattice disorder, and dislocations. Further, the existence of impurities is confirmed by the presence of shoulders, like one observed at 650 cm À1 for the film grown on Si substrate. It may be attributed to the interdiffusion of sputtered atoms into the Si substrate at such high deposition temperature. Furthermore, the lowest value of FWHM for TO peak in the case of Si substrate authenticates this film to be the best crystalline and is well corroborated by XRD and TEM results. The shoulder appearing at 703 cm À1 for SiC substrate is difficult to define and remains unassigned.
IR absorption of the synthesized 15R-SiC thin films was measured using FTIR spectroscopy to identify the chemical bonding and nature. Figure 6 illustrates the FTIR spectra of all the samples having broad and strong absorption bands with shallow interference fringes. This may be ascribed to the existence of a graded refractive index in the system (substrates, films, and air), which leads to a contrast in the refractive index between the film and the substrate. 54 In addition, the FTIR spectroscopy exhibited two absorption peaks at 672 and 1054 cm 2018) surface and has good concurrence with EDX results. The FTIR transmission peak of the film prepared at Si substrate is narrower than the peak of the films prepared at other substrates, which is a comprehensible evidence in the enhancement of bonding uniformity within the film. Further, it is interesting to discuss the variation in the intensity of FTIR spectra of the investigated films. The highest intensity indicates more and more formation of 15R-SiC and is highly dependent on nucleation thermodynamics, i.e., substrate to film interfacial surface energy, and is well corroborated with XRD and surface energy measurements. 55 Knowing the fact that root mean square surface roughness (d rms ) plays a vital role in determining the unique optical constants (refractive index n and extinction coefficient k) of the grown samples, 40, 57 we have performed the AFM measurement to determine d rms . A scanning area of 5 Â 5 lm was selected for all the samples with tapping mode of scan. Table II . The value of d rms was found to be in the range of 1.1-3.12 nm, lowest and highest for the films grown on Si and MgO substrates, respectively. This kind of variation in d rms may be ascribed to the variation in the average crystallite size 40 and is well corroborated with the XRD results. Such fabricated smooth (i.e., low roughness) 15R-SiC thin films may favor the calculation of unique optical properties using SE. It may also be used as a potential candidate for protective coatings.
The thickness and optical constants of the grown 15R-SiC films were probed by variable angle spectroscopic ellipsometry (VASE), regarded as a non-destructive optical technique. A relative change in phase and amplitude of the linearly polarized monochromatic light incident upon the sample surface after oblique reflections was measured by FIG. 5 . Raman spectra of the 15R-SiC thin films fabricated at four different substrates, i.e., ZrO 2 , MgO, SiC, and Si. 
where r p and r s represent the complex reflection coefficients of the polarized light (polarization occurs perpendicular and parallel to the plane of incidence). The experimental data were fitted to the Tauc-Lorentz dispersion model to extract optical dispersion behavior of 15R-SiC thin film and given by the following eqution:
where E 0 and E g represent the resonance energy and bandgap energy, E stands for photon energy, and C, A L is the representation of the broadening coefficient and amplitude of e 2 peak, respectively. It is very important to remember the direct relationship between the complex dielectric function and optical constants (refractive index n and extinction coefficient k), i.e., e 1 ¼ n 2 À k 2 ; e 2 ¼ 2nk in the linear regime. We need to construct an optical stack model of the representative samples to fetch significant physical and optical parameters from raw SE data, which usually accounts for a number of distinct layers having individual optical dispersion. In addition, refraction and reflection also occur at the interfaces between these layers (optical boundaries) as per the Fresnel relations. Figure 8(a) represents the schematic of optical stack model of the samples SiC@Si and SiC@SiC, having an air ambient, a surface roughness layer, surface oxide layer (SiO 2 containing C species), a SiC film, and a surface interface (SiO 2 for Si; SiO 2 containing C species for SiC) on Si and SiC substrates. However, Fig. 8(b) exhibits the schematic of optical stack model of the samples SiC@ZrO 2 and SiC@MgO, having an air ambient, a surface roughness layer, a surface oxide layer (SiO 2 containing C species), and a SiC film on ZrO 2 and MgO substrates. To fit the experimental data accurately, the surface roughness and surface interface layers were considered in the optical model. The thickness of surface interface layer was assumed to be 1.6 nm (Ref. 61 ) and 1 nm (Ref. 62) for Si and SiC substrates, respectively. Further, we have also considered the native oxide layer 63 on the top of the grown films, as EDX and FTIR results have also ensured the existence of oxygen on the sample surface. Furthermore, a recipe of each layer has been defined before fitting the experimental SE data, i.e., the surface roughness was modeled as per effective medium approximation (EMA) theory, which is a 50:50 model (a mixture of 50% surface material and 50% voids) and its dispersive function is referred from Bruggeman. 57, 58 The optical dispersion of the surface oxide layer (SiO 2 containing C species) on SiC film is also considered as per the Bruggeman EMA theory. The complex dielectric function of SiC is framed by the most appropriate general oscillator model along with the TaucLorentz dispersion model. Two Lorentz oscillators are consolidated in this model. The thickness of the substrates is kept fixed in the optical stack model 0.50, 0.50, 0.25, and 0.67 mm corresponding to ZrO 2 , MgO, SiC, and Si, respectively.
The wavelength dependent SE parameters, w and D, determined for 15R-SiC thin films grown at various substrates can be fitted with the above discussed appropriate optical stack model to evaluate film thickness and unique optical constants (n and k), as shown in Figs. 9(a)-9(d) . The obtained results of 15R-SiC thin films (Fig. 9) indicate a good match between the exp. and simulated data. The meansquared error (MSE) in the simulation was minimized using a Levenberg-Marquardt regression algorithm given by the following equation:
where w Fig. 2 ) and AFM data (Fig. 7) , suggesting a reliable fitting procedure. These calculated values from SE are tabulated in Table II, Table IV.  From Table IV , it is evident that the films deposited on Si substrate have the highest value of refractive index compared to the films deposited on ZrO 2 , MgO, and SiC, i.e., n Si > n SiC > n ZrO2 > n MgO which may be attributed to the increase in the structural order, improved crystallinity, reduced lattice strain, and lowest dislocation density d (quantitative measure of imperfection in crystal) of the film and is in well agreement with the XRD results (Table IV) . This fact leads to the fabrication of 15R-SiC film on the cubic crystalline Si substrate having lowest defects compared to the films deposited on crystalline cubic ZrO 2 , cubic MgO, and hexagonal SiC substrates, as confirmed by dislocation density and lattice strain calculation using XRD data (Table IV) . substrates. It can be concluded from Fig. 10(b) that the k value of the 15R-SiC thin films also decreases with the increase in wavelength, which also indicates the normal dispersion behavior of the representative samples. The value of the extinction coefficient k is consistently close to zero in the higher wavelength region of the spectrum, indicating losses occurring due to absorption. However, a sudden increase in the k value in the UV region is attributed to the fundamental 
and (e) nonlinear refractive index n 2 variation as a function of t for 15R-SiC thin films fabricated at various substrates. absorption around the band edge. Further, it has been observed that the k values of the films change with substrates used, leading to the lowest k values for the film deposited at Si substrate. This behavior may be associated with the larger crystallite size, lowest defects, and improved packing density, which is corroborated by XRD result and AFM micrographs. The substrate-dependent k values may also validate the variation in optical bandgap E g .
The bandgap E g of 15R-SiC thin films has been investigated and correlated with the structural properties. It is a wellknown fact that the optical absorption exhibits an exponential characteristic below E g . According to the interband absorption theory, the absorption follows a power law above the characteristic absorption edge, 64 given by the following equation:
where A is the constant which depends on the property of the material, E g represents the bandgap of the material, h is the energy of the incident photon, m is the transition coefficient which denotes the nature of transition, and a is an absorption coefficient having a relation with k, i.e., a ¼ 4pk/k. The variation of (ah) 1/2 as a function of the h has been plotted in Fig. 10(c) . The E g of the samples was extracted by extrapolating the linear part of the curve to zero absorption, i.e., (ah) 1/2 ¼0. The bandgap E g tunability of the grown samples was observed and tabulated in Table IV . The highest E g was found for the film deposited at Si substrate compared to films deposited on ZrO 2 , MgO, and SiC, i.e., (
To understand this, we have plotted the variation of E g as a function of crystallite size as depicted in an inset of Fig. 10(c) . It has been found that the change in E g is not significant but increases linearly with increase in the average crystallite size t. This rather small shift in the E g is due to the effect of both lattice strain and dislocation density, i.e., defect states. For lattice strain, we have found a trend in which it decreases with an increase in the average crystallite size (Table IV) . The relationship indeed shows that for a smaller strain, the bandgap is larger, and for a higher one, the bandgap is smaller. While we have noticed that there also exists a trend in which average crystallites increase in size with a decrease in dislocation density (Table  II) . The relationship indeed shows that for fewer defect states, the bandgap is larger, and for a higher one, it is smaller. However, the quantum confinement effect has not been witnessed in this case because the average crystallite size is greater than the Bohr radius ($1-6 nm) of SiC nanocrystals 65, 66 for all the samples, as confirmed by XRD results. Finally, it is apparent from the SE measurements that the linear optical properties, i.e., n, k, and E g of 15R-SiC thin films are strongly substrate-dependent.
Moreover, we have also determined the dispersion energy parameters, which play a vital role in determining the optical characteristics of any material. They allow us to calculate the required parameters for designing optical communication and spectral dispersion devices. We have used a Wemple and Didomenico (WDD) single effective oscillator model to explore the dispersion of the refractive index and given by the following equation:
where E d is the optical dispersion energy and has the direct correlation with the structural properties of the samples. The energy E o is the single oscillator energy. Figure 10( Table IV . The highest E d value is observed for the sample prepared at Si substrate, which indicates the improvement in the structural order of the film because E d is directly related to the atomic order. It has been previously reported that the highly ordered materials have the large dispersion energy. 67 Further, WDD showed that E g < E o , and E o has a direct correlation with E g , E o % 2E g , as stated by Tanaka, 68 which is in good agreement with experimentally calculated E g value (Tauc) using SE. We can note the slight difference between E g (Tauc) and E g (WDD); however, obtained E g from Tauc and WDD follows the same trend with different substrates. This could be explained by the WDD model as it estimates the lowest bandgap energy. 67 Furthermore, a close investigation of the 1=
results in the static refractive index (i.e., long wavelength refractive index, n 1 ) using the following equation:
The calculated values of the static refractive index n 1 and high-frequency dielectric constant ðe 1 ¼ n 2 1 Þ are listed in Table IV . Additionally, we have calculated the nonlinear refractive index (n 2 ) using linear optical parameters. It is well known that when the materials are subjected to strong electric fields, the linear relationship of polarization with the electric field vanishes and the change in polarizability becomes equal to the square of the electric, i.e., Dn ¼ n 2 hE 2 i, where n 2 is the nonlinear refractive index and hE 2 i is the time-averaged electric field of the optical beam. 69 To investigate the n 2 and third-order nonlinear susceptibility v (3) , a number of theoretical models have been reported by various research groups, out of which Tichy and Ticha's model was implemented (using WDD parameters, n and E g ) for assessment of nonlinear properties of the samples under investigation. 70 The accuracy of the models has already been tested by concurring theoretical values with experimental findings for more than hundred samples. 70 The relation between the linear susceptibility v (1) and third-order nonlinear susceptibility v (3) in the long wavelength region is approximately equal to the fourth power of v (1) . Further, v (1) and v (3) can be correlated analytically using Miller's generalized rule as given in [Eq. (9)
where B ¼ 1.7 Â 10 À10 esu and the value of v (1) can be calculated in the long wavelength region using the following relation [Eq. (10) 
The substrate-dependent linear and third-order nonlinear susceptibility of investigated films is tabulated in Table IV. The obtained values of v (3) were compared with the published data and found to have a good agreement. 67 A large value of v (3) is obtained for the 15R-SiC film fabricated at Si substrate compared to films deposited on ZrO 2 , MgO, and SiC, i.e., (v (3) ) Si > (v (3) ) SiC > (v (3) ) ZrO2 > (v (3) ) MgO . It may be attributed to the higher crystallinity, improvement in the structural order, lowest lattice strain, and diminution of defect states and well corroborated with the optical dispersion energy E d and XRD results. Further, the nonlinear refractive index n 2 is calculated by using a Tichy and Ticha relation, which is a mathematical relationship between Miller's generalized rule and n 1 , which is given by the following equation:
The numerical value of n 2 for all the samples is calculated from Eq. (11) and listed in Table IV . It is very obvious to get largest values of n 2 for the 15R-SiC film fabricated at Si substrate because of improvement in structural properties. In order to understand the influence of average crystallite size (t) on nonlinear optical properties of the 15R-SiC films, the n 2 variation of the films with t is shown in Fig. 10(e) . It has been observed that n 2 exhibits a linear dependence on t, i.e., nonlinear refractive index improves with an increase in the crystallite sizes and is well agreed with the previously reported literature. 71, 72 The change in nonlinearities with the crystallite size may be attributed to the lattice defects, which leads to light-induced changes in the refractive index causing optical distortion, phase modulation, Bragg scattering, and green-induced infrared absorption. Consequently, this decreases the efficiency of nonlinear interactions when the crystal is subjected to an intense visible radiation. Thus, the higher defects present in the film lead to the small value of the nonlinear refractive index. Here, it can be noted from Table II that there is a trend in which crystallites decrease in size with an increase in lattice defects. As a result, for larger crystallites, the defects are smaller and therefore there is an improvement in nonlinearities. This accomplished nonlinear interaction is remunerative for emphatic optical confinement, which enables compact circuit design, enhanced optical intensities, and low power devices for telecommunication applications at high-temperature, high-frequency, and harsh environment.
Being a semiconducting material, it is very important to determine the ratio of the carrier concentration to the effective mass (N/m * ) for 15R-SiC thin films. In general, the electrical properties of SiC are excellent for harsh environment, as might have been expected from the low background impurity concentrations. The free carrier concentration is an important parameter to extract meaningful electrical characteristics of semiconductor devices. Therefore, to address the electrical applicability of grown 15R-SiC films, we have determined the free carrier concentration per unit effective mass (N/m * ) by using the following relationship between n and N/m * as given in the following equation:
where e ¼ 1.6021 Â 10 À19 C is the electronic charge and E 0 is the permittivity of free space (8.854 Â 10 À12 F/m). From the plots of n 2 vs. k 2 as shown in Fig. 11 , the value of N/m * can be calculated with the help of the slope of the linear part of the curve at a higher wavelength, while the extrapolation to k 2 ¼ 0 enables to determine E 1 . It is evident from This may be ascribed to the defect states present in the films; however, the defect states in the film are related to the dislocation density, i.e., the lowest value of the dislocation density will correspond to the lowest defect states. Therefore, the sample SiC@Si having the lowest value of dislocation density resulted in the highest value of N/m * (Table IV) because few carriers get trapped in case of low dislocation density. A good electrical property also demands low defects (point-defects and dislocations) because these electrically active defects act as shallow and deep trapping centers for free carriers. The mobility of the free carriers gets reduced along threading dislocation because filled traps lines act as Coulomb scattering centers. Additional mobility reduction occurs at SiC film-substrate interface due to scattering at dislocations and defects.
At this point in time, it may be very interesting to discuss the plasma frequency of our samples for the development of high-temperature and high-frequency plasmonic devices. As per the Drude's theory for the dielectric materials, the plasma frequency (x p ) is given as follows: 
where e 0 is the absolute permittivity, e is the electronic charge, m* is the effective mass of the electron, and N is the free carrier concentration. Therefore, using Eq. (13) and having the quantitative value of the N/m* and e 1 , the plasma frequency (x p ) can be deduced. The estimated values of x p for 15R-SiC thin films are listed in Table IV .
IV. CONCLUSION
In summary, highly ordered crystalline 15R-SiC thin films have been fabricated on four different substrates, i.e., ZrO 2 , MgO, SiC, and Si using RF-magnetron sputtering at a temperature of 800 C. It has been observed that the substrate's surface energy plays a crucial role in the nucleation and growth of 15R-SiC thin films resulting in tunable microstructural and optical properties. Single crystal orientation (1 0 10), maximum average crystallite size ($17.7 nm), lowest surface roughness ($1.10 nm), minimum strain (0.19%), and lowest dislocation density ($3.19 Â 10
15
) were observed in the sample grown at Si substrate, which also confirmed the fabrication of high quality 15R-SiC film having minimum defects. Additionally, the lowest value of FWHM and the peak shift of TO mode in Raman spectra for the sample SiC@Si authenticate the best crystallinity with minimum defects and this result is also validated by FTIR measurement. The optical properties of 15R-SiC thin films were probed in the broad spectral range (246-1688 nm) considering the surface characteristics (roughness and composition) in the optical stack model using SE, and it is expected that these results provide new and unique optical constant data for the 15R-SiC thin film. Further, the film thickness and surface roughness obtained from SE data are well corroborated with SEM and AFM measurements, respectively. The highest optical and dispersion energy parameters were observed for the sample deposited at Si substrate, i.e., refractive index (n ¼ ), allowing this sample to be a promising candidate for optoelectronics, photonics, and telecommunication applications at elevated temperature and harsh environment.
